To determine the occurrence of Listeria monocytogenes (LM) and other species in different stages of the processing of broiler chickens, comparing a real-time PCR protocol with standard morphological and biochemical proofs as confirmatory tests for LM, 100 samples from 5 monitoring points (carcass after evisceration, carcass after chilling, packaged frozen carcass, knives and boards of the cutting room, and packaged frozen boneless thighs) were obtained throughout a 3-mo evaluation period in an export-authorized industrial facility in Brazil. Data were analyzed using the non-parametric Wilcoxon test and, in case of difference, means were contrasted with control (carcass after evisceration) by the Dunn test (P < 0.05). Carcasses were negative for Listeria sp. immediately after evisceration, but LM was confirmed in both chicken meat and chicken-meat processing environment after that point (maximum 30% occurrence). Listeria innocua, L. grayi, and L. welshimeri were also isolated from samples. Comparing LM confirmatory tests, real-time PCR performed better than the morphological and biochemical assays in samples from packaged frozen boneless thighs. In fact, all the isolates obtained from frozen products behaved negative in the hemolysis tests, leading to some false-negative results in the morphological and biochemical confirmation. The detection limit of real-time PCR for LM was 1.34 CFU. Overall, the results of this study indicate the inefficacy of the cleaning and disinfection program adopted by the industry to control LM. Also, to avoid false-negative results, our recommendation is that real-time PCR can be used in combination with standard microbiological methods in the confirmatory analysis of LM, especially when frozen products are under consideration.
DESCRIPTION OF PROBLEM
Listeria monocytogenes (LM) is the causative agent of listeriosis, a foodborne disease that may lead to bacteremia and meningitis and affects mainly high-risk populations such as the elderly, immune compromised individuals, newborns, and pregnant women [1] . Mortality rate associated with the invasive form of the disease is high, ranging from 20 to 30% irrespectively of early diagnostic and adequate treatment [2] .
Animal source foods such as cheese, chicken, fish, meat, and milk have been reported as important sources of LM for humans [3, 4] . Only in the United States, approximately 48 million people fall ill every year due to contaminated food consumption, which generates 128,000 hospitalizations and 3,000 deaths. From this total, 260 deaths can be directly attributed to listeriosis [5] . In Brazil, official numbers of listeriosis are probably underestimated due to limitations of the surveillance system and the absence of compulsory notification of the disease [6] . Nevertheless, LM has been isolated from food and sporadic cases of listeriosis over the years [7, 8] .
Chicken meat is currently one of the most consumed animal source food in the world. Projections are that the consumption of chicken and other avian species will still increase in the next years [9, 10] . In this scenario, more attention should be given to the sanitary properties of poultry meat, especially those associated with pathogens that, like LM, have the ability to protect themselves into biofilms and persist in industrial facilities even under the adoption of regular cleaning and disinfection programs [11] .
Research evaluating the prevalence of LM in poultry processing plants and packaged products has been published. Some of these studies, conducted in Europe [12] [13] [14] , the United States [15] , and Brazil [16, 17] , pointed to a frequency of pathogen isolation between 14 and 24%. Although many particular variables related to the experimental design, processing facilities and bacterial detection methodology must be taken into consideration before analyzing these numbers, the fact that LM has been isolated in many different places in the processing environment and packaged chicken meat deserves more attention. In comparison with other foodborne pathogens such as Salmonella spp., the available information regarding the occurrence, dissemination and control of LM in commercial facilities is still scarce.
The objective of this study was to determine the occurrence of LM and other species in different stages of the processing of broiler chickens in an export-authorized industrial facility in Brazil, comparing the performance of a real-time PCR protocol with that of morphological and biochemical proofs as confirmatory tests for LM.
MATERIALS AND METHODS

General Procedures
A total of 100 samples from 5 different monitoring points (carcass after evisceration, carcass after chilling, packaged frozen carcass, knives and boards of the cutting room, and packaged frozen boneless thighs) were obtained from an export-authorized industrial broiler chicken processing plant (160,000 birds/day) throughout a 3-mo evaluation period. During this time, sampling procedures took place at 10 randomly chosen days, when 2 samples of all the monitoring points were collected in the beginning and in the end of the 2 work shifts (morning and afternoon), each one with 8 h length. Samples of the same work shift and monitoring point, within each day, were pooled for laboratory analysis.
The choice of these particular monitoring points was based on the fact that they represent stages of high microbiological risk in the processing of chickens, as well as chicken products already packaged and ready to be sent for consumption. Besides, most of these points are frequently used as control points by other authors and the industry in their HACCP plans [18] [19] [20] , including the processing plant investigated here.
In the end of the experimental period, a total of 20 samples of each monitoring point were analyzed for the occurrence of LM using microbiological culture for Listeria sp. isolation and both morphology and biochemistry and realtime PCR for LM confirmation.
Experimental Sampling
All the samples used in this study were obtained during the regular activities of the processing plant. In each day of sampling, in the beginning and in the end of each work shift, 2 whole carcasses were randomly selected immediately after the evisceration procedure, after the exit of the chilling tank, and after the packaging and freezing procedures. Carcasses were aseptically placed into sterile plastic bags and kept on ice until laboratory processing. Additionally, 2 packages (1 kg/each) of frozen boneless thighs from the beginning and the end of each work shift were collected following the same procedures.
To assess the possible contamination of the processing environment, sterile swabs were applied on knives and boards of the cutting room. For this, the whole surface of the knives (blades and handles) was sampled. In the boards, the cutting surface was sampled in the center using a 100 cm 2 frame as a guide. After sampling, swabs were soaked in 10 mL sterile saline solution (0.85%) and kept on ice until laboratory processing. Swabs from knives and boards were pooled for laboratory analysis.
Listeria sp. Isolation and Species Confirmation
Enrichment and Differential Plating. To investigate the occurrence of LM in the collected material, all samples were subjected to the isolation and identification method recommended by the US Department of Agriculture [21], using UVM and Fraser broths as selective enrichment media [22] . In the end of this protocol, tubes showing dark color were considered presumably positive for Listeria sp. Confirmation was obtained after differential plating in Modified Oxford Agar (35
• C, 48 h). Typical black colonies, small in the size and surrounded by a dark halo of aesculin hydrolysis, were considered as Listeria sp.
Morphological and Biochemical Confirmatory Assay. From each plate with characteristic growth, 3 colonies were isolated and further treated for Gram's staining and motility test. In addition, all isolates were submitted to the biochemical proofs of catalase, hemolysis in 5% Sheep Blood Agar (SBA), and xylose/rhamnose fermentation. To enhance the hemolytic activity of positive strains and solve any undetermined result [23] , traditional CAMP test was performed for all isolates. Gram-positive colonies with the presence of umbrella-like motility, positive results for catalase, hemolysis (SBA or CAMP test), and rhamnose fermentation, and negative results for xylose fermentation were considered as LM. Other species such as L. grayi, L. innocua, and L. welshimeri could also be identified based on their morphological and biochemical profile [24, 25] .
All the isolates were stocked in Brain Heart Infusion (BHI) + 0.5% Yeast Extract + 20% Glycerol at −80
• C for confirmatory analysis of LM by real-time PCR.
Real-Time PCR Confirmatory Assay. Bacterial DNA was extracted from all isolates by thermal lysis [26] and quantified by fluorometry [27] . Molecular confirmation of LM was performed in triplicate by real-time PCR, following the procedures previously described by Traunsek et al. [28] . Briefly, one fragment of the hlyA gene was amplified using primers [29] and species-specific probe [30] . Real-time PCR was optimized with 22x universal PCR master mix Real-Time PCR Detection Limit. The detection limit for LM by the real-time PCR was determined using serial dilutions (10 0 -10 5 CFU/mL) of the control strain ATCC 7644. One milliliter of each dilution was used for total DNA extraction using a commercial kit [35] . A volume of 2 μL of each DNA solution was used in a real-time PCR reaction adjusted for the other parameters in the same way as described above. Total DNA in the solutions was quantified by fluorometry [27] , and the calculated bacterial concentration in each dilution was corrected by plate counting in Modified Oxford Agar (35
• C, 48 h). Based on the graphic profile of the PCR reactions, and in order to guarantee that the threshold of detection was set in a region associated with the exponential growth of PCR products, positive results for LM were considered those reactions that overstepped 0.1 Rn. The lowest bacterial count, in CFU, that yielded a positive reaction was considered the detection limit of the real-time PCR.
Statistical Analysis
Main effects of monitoring point and work shift on the occurrence of LM, L. grayi, L. innocua, and L. welshimeri in the samples were assessed using the JMP Pro software, v. 13.2 [36] . Main effect of confirmatory method (morphology and biochemistry and real-time PCR) was also assessed.
Data were analyzed in a completely randomized design using each sample as a replication. The non-parametric Wilcoxon test was used to identify the main effect of each factor. In case of a difference, means of each monitoring point were individually contrasted with the control treatment (carcass after evisceration) by the Dunn test. Interaction between factors did not enter the statistical model, and significance was set at 5% in all steps.
RESULTS AND DISCUSSION
All the carcasses were negative for Listeria sp. immediately after the evisceration (Tables 1 and 2 ). In fact, no presumptive colonies were isolated during the microbiological culture assay in this monitoring point; thus, no PCR reaction for LM was performed for these samples. The lack of Listeria isolation on these carcasses might be associated with their exposure to high temperatures during scalding and plucking (±60
• C), which could injure bacterial cells present in their surface and compromise bacterial recovery by culture techniques [37] [38] [39] . Moreover, the bacterial load of Listeria in this particular monitoring point might have been lower than the amount needed to ensure isolation through microbiological culture.
Regardless of the case, this lack of Listeria isolation after evisceration allowed the use of this monitoring point as our internal control, i.e., any further isolation of Listeria sp. along the processing line was considered as cross-contamination from the processing environment. Also, significant difference between a particular monitoring point and our internal control implied that the occurrence of Listeria in that point was statistically higher than zero.
Listeria monocytogenes was confirmed both in chicken meat and in the industrial environment further in the processing line (Table 1) . Except for evisceration, positive results were observed in all the other monitoring points, especially in knives and boards of the cutting room and packaged frozen boneless thighs, sites with the highest occurrence of the pathogen. Using morphological and biochemical traits of the strains to separate Listeria species, only the knives and boards of the cutting room showed higher occurrence (P = 0.0004) of LM than the carcasses after evisceration. However, when adopting real-time PCR as the confirmatory method for LM, the occurrence of the pathogen was higher (P = 0.0064) than in the evisceration in both knives and boards of the cutting room and packaged frozen boneless thighs. These results indicate the importance of the cutting room as an internal source of LM in the processing of chicken meat, which probably contributed to the cross contamination of the boneless thighs.
Comparing the potential of both confirmatory methods in discriminating LM from Listeria sp. isolates, real-time PCR was superior (P = 0.0087) than the standard morphological and biochemical tests only in samples from packaged frozen boneless thighs, where none of the isolates were biochemically confirmed as LM. The same pattern of no biochemical confirmation of LM from isolates was observed in samples from packaged frozen carcasses, where the confirmation of LM reached 5% using real-time PCR (P = 0.3173).
The gene hlyA used in this study to identify LM by real-time PCR encodes the protein listeriolysin O, a hemolysin associated with the escape of the bacteria from the phagosome of infected cells into the cytoplasm, where they grow intracellularly avoiding host's immune system [40, 41] . Not by chance, the expression of the hlyA gene has long been recognized as an important virulent factor for LM [42] . In microbiological assays, the presence of listeriolysin O is indirectly detected by the hemolysis of red blood cells in specific culture media, such as SBA. To amplify the visualization of LM hemolytic activity and reduce the occurrence of false-negative results, the USDA recommends the use of CAMP tests as a mandatory step in the investigation of this pathogen in food [21, 23] .
Leimeister-Wachter et al. [43] reported that the expression of hemolytic activity in LM is 8-to 16-fold higher under the physiologic temperatures of homeothermic animals (near 37
• C), the natural hosts of the pathogen. In temperatures below 30
• C, this hemolytic activity decreases significantly. In fact, not only listeriolysin O but several other virulence factors of LM seem to be downregulated by cold shock proteins and other cold acclimation proteins [44] . Apparently, this is an important adaptive response that spares bacterial internal reserves and favors survivability under stressful conditions [45].
The phenomenon above described probably occurred with LM cells present in the frozen products analyzed here, which helps explain the lack of positive results for LM obtained in these samples using biochemical tests. Indeed, all the isolates from frozen products performed negative in the hemolysis test, which was decisive in considering them not pathogenic, i.e., not representatives of LM. However, as the real-time PCR used here analyzed the presence of the hlyA gene on bacterial genome, not its expression, positive results were obtained for LM using this last confirmatory method. Considering all the monitoring points together, the presence of LM was confirmed by morphology and biochemistry in 7% of the samples. Using the real-time PCR methodology, this value tended to increase to 14% (P = 0.1078).
Independently of the confirmatory method, no significant effect of work shift (P > 0.5663) was observed for the occurrence of LM (Table 1). Moreover, no significant effect of confirmatory method (P > 0.2207) was found for the occurrence of LM within each work shift. An important difference between work shifts occurred in regard to the processing environment: while a procedure of cleaning and disinfection, using hot water and chemical disinfectants, preceded the beginning of the morning shift, only a hot-water cleaning preceded the afternoon shift. By showing no difference in the occurrence of LM between work shifts, our study demonstrated the ineffectiveness of the adopted procedure of cleaning and disinfection on the control of this pathogen in the processing environment.
Listeria sp. is widely known for its ability to grow at low temperatures and its potential to form protective biofilms in tables, cutting boards, conveyor belts, and knives of the processing environment [46] . These characteristics allow the identification of cutting rooms as excellent places for the development of this microorganism. Our results corroborate with this assumption since the occurrence of both LM (P = 0.0004) and L. innocua (P = 0.0007) was higher than zero (carcass after evisceration) in samples from knives and boards of the cutting room and packaged frozen boneless thighs, respectively (Tables 1 and 2 ). The occurrence of L. welshimeri, however, was higher than zero (P = 0.0003) only in the carcasses after chilling (Table 2) .
Numerically, the species of Listeria with the highest occurrence in this study was innocua. While this finding is in agreement with previous reports on poultry processing plants in Brazil [16, 17] , it must be noticed that the morphological and biochemical profile of L. innocua differed from that of LM only for the absence of hemolytic activity, considering the range of tests performed here. Thus, some of the identifications of L. innocua in the frozen products might actually be LM with reduced expression of the gene hlyA induced by cold stress, as discussed previously.
Additionally, while LM and L. innocua have similar growth rates in BHI broth, L. innocua grows faster than LM in UVM broth [47] . This response might be explained by the rapid adaptation of L. innocua to the UVM medium and production of inhibitory compounds [48] . Thus, because we used UVM broth for primary enrichment in this study, the isolation of L. innocua might have been favored when compared with LM.
Another species of Listeria that showed high occurrence in the samples was welshimeri, especially in the carcasses collected after chilling. Within the species that have the ability to acidify xylose, L. welshimeri is the only one with no hemolytic activity [24, 25] . Considering this characteristic and the fact that all the isolates with positive hemolytic activity reached the biochemical profile of LM (a non xyloseacidifier species), we believe that the diagnostic of L. welshimeri in this trial is precise. Hence, L. welshimeri is probably the most adapted species to the environment of the chilling tanks in the evaluated processing plant. Finally, comparing the effect of work shift on the occurrence of non-pathogenic species of Listeria, it was observed that L. grayi was isolated only during the morning shift (P = 0.0225). The reasons for such curious result were not completely understood.
The presence of different species of Listeria in the industrial environment is of paramount importance, since it indicates that the site has favorable conditions for the development of LM. This is due to the high DNA homology between Listeria species, which makes them very similar phenotypically and analogous on the ecology [49] . These similarities may also explain the high occurrence of concomitant contamination by more than one species of Listeria in the same sample observed here. This outcome is not uncommon, since ecological niches of Listeria spp. may overlap one another [50] . To the objectives of this study, this multi-species contamination is of great significance since it can be interpreted as a strong indicator of inefficient disinfection.
Analyzing the potential of the real-time PCR in reporting positive result for LM in a given DNA aliquot, a detection limit of 1.34 CFU (calculated concentration of 10
• CFU, corrected by plate counting on Modified Oxford Agar), with 100% specificity (no false positives), was determined ( Figure 1 ). This high capacity of detection, together with the constraints observed for the isolation and the morphological and biochemical confirmation of LM in frozen products, reinforces the importance of using highsensible tests when performing microbiological trials and suggests that this real-time PCR should be used, in addition to the standard microbiological methods, in the confirmatory analysis of LM in chicken meat and chicken-meat processing environment.
CONCLUSIONS AND APPLICATIONS
1. Listeria sp. was not isolated from carcasses after evisceration, but L. innocua and L. monocytogenes were identified in all other monitoring points analyzed in this study. Listeria welshimeri and L. grayi were also isolated from most of the monitoring points. This multi-species contamination indicates the inefficacy of the cleaning and disinfection program adopted by the industry and reinforces the importance of the processing environment in the cross contamination of chicken-meat products by Listeria spp.
Monitoring points with higher occurrence of
Listeria sp. were carcasses after chilling and knives and boards of the cutting room. Listeria monocytogenes was confirmed mostly in knives and boards of the cutting room (30% of samples) and packaged frozen boneless thighs (30% of samples). These results indicate that both the chilling tank and the cutting room are important internal sources of Listeria and, in this sense, deserve greater attention during the cleaning and disinfection procedures. 3. Constraints detected during the isolation and the morphological and biochemical confirmation of L. monocytogenes in frozen products leaded to some false-negative results. Considering the high potential of detection and the high specificity to L. monocytogenes observed in the real-time PCR assay, our recommendation is that real-time PCR can be used in combination with standard microbiological methods in the confirmatory analysis of L. monocytogenes in chicken meat and chicken-meat processing environment, especially when frozen products are under consideration.
